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Abstract
In three-dimensional electromagnetic configurations that result from unstable resistive tearing modes particles can
efficiently be accelerated to relativistic energies. To prove this resistive magnetohydrodynamic simulations are used as
input configurations for successive test particle simulations. The simulations show the capability of three-dimensional
non-linearly evolved tearing modes to accelerate particles perpendicular to the plane of the reconnecting magnetic
field components. The simulations differ considerably from analytical approaches by involving a realistic three-
dimensional electric field with a non-homogenous component parallel to the current direction. The resulting particle
spectra exhibit strong pitch-angle anisotropies. Typically, about 5 − 8% of an initially Maxwellian distribution is
accelerated to the maximum energy levels given by the macroscopic generalized electric potential structure. Results
are shown for both, non-relativistic particle acceleration that is of interest, e.g., in the context of auroral arcs and
solar flares, and relativistic particle energization that is relevant, e.g., in the context of active galactic nuclei.
PACS numbers: 52.35.Py – 52.35.Vd – 94.20.Qq – 52.65.Cc
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I. INTRODUCTION
Magnetic reconnection is probably the most important mechanism of rapid conversion of magnetic field energy to
plasma heating and particle acceleration1−3 in fully and partially ionized plasmas. Cosmic plasma phenomena as
different as, e.g., flares in active galactic nuclei4(AGN), extragalactic jets5,6, solar flares7 and discrete auroral arcs8
probably show particle acceleration in reconnection regions.
The problem of particle acceleration is a long standing problem, since the acceleration process depends critically on
the local properties of the reconnection region. The efficiency of the particle energization is a function of the effective
electric field force that acts on the particle. In two-dimensional reconnection configurations particle acceleration
has been extensively studied analytically [e.g., Ref. 9, 10] and numerically within the framework of resistive [e.g.,
Ref. 11-13] and collisionless [e.g., Ref. 14-16] reconnection. Test particle simulations have proven the efficiency of
particle energization in turbulent reconnection [e.g., Ref. 17] These studies have been performed for idealized electric
and magnetic field configurations, in particular homogeneous electric fields in the invariant direction, which differ
significantly from the three-dimensional configurations characterized by localized field-aligned electric fields.
Test particle simulations of electron injection in high-beta plasmas have shown that the investigation of more com-
plex and therefore more realistic three-dimensional field configurations is crucial for the understanding of particle
acceleration in reconnection regions18. Three-dimensional test particle simulations of particle acceleration in recon-
nection regions that result from shear flows have proven the short-comings of idealized analytical two-dimensional
treatments of the particle acceleration problem19.
In the present contribution we consider the resistive tearing mode instability, because it is considered as the generic
spontaneous reconnection process20 [see also Ref. 2, 3 and references therein]. We present test particle simulations
that start from magnetohydrodynamic (MHD) configurations resulting from the non-linear dynamics of tearing modes
in three dimensions.
Our studies are relevant for particle acceleration in plasmas that can be described as fluids. Processes that are of
importance for particle acceleration in collisionless plasmas as resonant nonlinear wave particle interaction21,22 are
beyond the scope of our present approach.
The test particle simulations are carried out for different ratios of the asymptotic equilibrium sheared magnetic
field component to the field component along the initial current direction. For the initial particle distribution a
non-relativistic Maxwellian and a relativistic power law distribution are chosen, respectively. In the next section the
initial non-linearly evolved MHD configuration is introduced. In Sec. III the results of the test particle simulations
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are presented for the non-relativistic and the relativistic cases. Eventually, we discuss our findings in Sec. IV.
II. THE MHD INITIAL CONFIGURATION
The MHD balance equations that govern the non-relativistic macroscopic low-frequency dynamics read in a dimen-
sionless form
∂ρ
∂t
+ ∇ · (ρv) = 0 (1)
∂ρv
∂t
+ ∇ · (ρvv) = −∇p + ∇ × B × B (2)
∂p
∂t
= −v · ∇p − γp∇ · v + (γ − 1)η(∇ × B)2 (3)
∂B
∂t
= ∇ × (v × B) − ∇ × (η∇ × B) (4)
where ρ, v, p, and B denote the mass density, bulk velocity, thermal pressure, and the magnetic field. By η the
normalized diffusivity, i.e. the inverse magnetic Reynolds number, is denoted. All quantities are made dimensionless
by a typical mass density ρ0, magnetic field strength B0, and length scale L, the Alfve´n velocity vA = B0/
√
4piρ and
Alfve´nic transit time tA = L/vA. Other normalizing parameters follow in a generic way.
The balance equations are numerically integrated by means of a three-dimensional finite differences code23. The
MHD simulations start from an initial configuration given by
Beq = Bstanh(y)ex + Bnez ; ρ
eq = ρ0cosh
−2(y) (5)
which is known as a Harris sheet equilibrium24 with a leading magnetic field component added along the current
direction. It is assumed that the ideal gas condition holds p = nkT (where n, T , and k are the particle number
density, temperature, and the Boltzmann constant). The resistivity is chosen to be localized around the midplane in
the z-direction η = ηˆcosh−2((z− 30)/3) with an amplitude of ηˆ = 0.005. This equilibrium, which can be regarded as
an idealized standard current sheet configuration, is perturbed by tearing eigenmodes
vx = vˆxρ0 sin
(
pix
xmax
)((
1− |y|
ymax
)(
1− |y|
η1/4
)
− |y|
ymax
)
e
−
|y|
η1/4
vy = −vˆyρ0 cos
(
pix
xmax
)
piy
xmax
(
1− |y|
ymax
)
e
−
|y|
η1/4 . (6)
The simulation runs were performed with the resolution of 77 × 77 × 63 grid points in a numerical box given by
x ∈ [−25, 25], y ∈ [−10, 10], and z ∈ [0, 60] in normalized units. In the x- and z-direction an equidistant discretization
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was chosen. The highest resolution of the non-equidistant grid in the y-direction is 0.05. The non-linear dynamics
of the resistive tearing mode results in a magnetic field configuration with the tearing-like X- and O-point structure
in the x-y-plane. The magnetic field used as initial configuration for the first particle test simulations (see Sec. III)
is shown in Fig. 1. The respective three-dimensional electric field is shown in Fig. 2. Obviously, a complex three-
dimensional electromagnetic field configuration appears which, differs significantly from analytical configurations used
to study particle acceleration. We emphasize that our simulations are characterized by non-homogenous magnetic
and electric field components perpendicular to the reconnection flows, i.e. along the direction of the initial current
sheet. They make an important difference to any analytical approach.
III. SIMULATIONS ON PARTICLE ACCELERATION
Since in many space and astrophysical circumstances unsaturated external shear flows (stellar winds, stellar explo-
sions, jets from quasars, etc...) agitate magnetic fields and drive the resistive tearing modes our MHD calculations
are used as the electromagnetic environment for the studies of electron acceleration by means of test particle sim-
ulations. We simply want to know how electric particles behave in the complex three-dimensional electro-magnetic
field configuration and neglect any back reaction of the particles onto the field structure.
Thus, the electric field is derived only from the MHD quantities B, v and η by means of Ohm’s law
E = −1
c
v ×B + η∇ ×B. (7)
Since the data for the electric and magnetic field is only available on a discrete three-dimensional grid the test particle
code uses linear interpolation to determine the field values for any location. We note that the term “test particle”
simply means that the electromagnetic fields produced by the particles are not changing the global fields, though the
effect of synchrotron radiation on the motion of the particles is taken into account, i.e. the relativistic equations of
motion have the form
dp
dt
= q
(
E +
1
γmc
p×B
)
+ FRad ,
dr
dt
=
p
γm
, (8)
where m and q denote the mass and charge of the particles, which are electrons in our case and
γ =
√
1 +
( p
mc
)2
(9)
is the Lorentz factor.
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The calculations are relativistic, including the energy losses via synchrotron radiation and inverse Compton scatter-
ing by the term FRad, which we discuss in detail in Sect. IIIb. For the non-relativistic case of particle acceleration, as
considered in the following sub-section, the radiative losses are negligible. The equations are numerically integrated
by a Runge-Kutta algorithm of fourth order with an adaptive stepsize control. As a result we get the momentum
and location at certain times of each particle in the given ensemble.
IIIa. NON-RELATIVISTIC PARTICLE ACCELERATION
The choice of parameters for our studies of non-relativistic particle acceleration is motivated by the phenomena of
discrete auroral arcs for example. Reconnection may play an important role in the energization of auroral particles in
Birkeland current sheets8,25. Our results are, however, to be understood as rather general ones for particle acceleration
in three-dimensional tearing configurations. Therefore, we present results from test particle simulation runs for three
different ratios of Bn to Bs: Bn/Bs = 1 : 1, 10 : 1, and 100 : 1. The strength of the main magnetic field component is
chosen as B1:1n ≈ 10−3 Gauss. The electric field components are Ex ≈ 10−5Bn and Ey ≈ Ez ≈ 10−4Bn, respectively.
It is a characteristic feature of 3D reconnection that the magnitude of the electric field component directed along
the initial current sheet is of the order of the dominant convective electric field component. The spatial parameters
for the first three runs were adjusted to those of auroral phenomena, i.e. the size of the box is 2000× 800× 2400 km.
The initial position of the particles is uniformally distributed in the (x,y,0)-plane at the lower z end of the box. For
the particle distribution we choose a Maxwellian distribution with a corresponding temperature of kBT ≈ 1 eV and
a shift of the momentum in the z-direction of a few percent of the thermal energy, thus the distribution is in fact
slightly anisotropic. We consider the state when all electrons have left the computational box as the final state.
The trajectories of all electrons for each run are shown in Fig. 3-5 as a projection on the y-z-plane. The gyration
motions of the electrons occur on a much smaller scale so that this motion cannot be identified, but it is fully resolved
in the simulation. The reconnection zone is placed between z ≈ 1000 and z ≈ 1500 where the E×B-drift forces the
electrons to move towards the center of the region. Those electrons which start at coordinates with a y-value close
to zero are most efficiently accelerated. They leave the box at high z-values while the others leave the box at the x
and y boundaries following the magnetic field lines. The acceleration takes place on very short timescales of a few
10−1 seconds.
Fig. 6-8 present the initial and final energy spectra of the electrons. Obviously, most of the electrons keep their
initial Maxwellian distribution. The injected test-particles are not noticeably heated. Some fraction of the electrons
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are accelerated and show a power law with an average index of 1.1 to 1.5. The main recognizable result is the pile-up
of electrons at the high energy tail of the distribution, which shows up in all simulations. The heights of the peaks,
i.e. the number of accelerated electrons, increase with decreasing Bn/Bs (Fig. 6 to Fig. 8), while the maximum
energization is approximately constant.
In Fig. 9-12 the relative momentum distribution of the test particles of the first run is displayed. The px − pz
cut of the phase space shows that the accelerated particles have comparable momentum gains in x- and z-direction
(Fig. 9-10), whereas there is almost no momentum gain in the y-direction (Fig. 11-12). For the cases with smaller
ratios of Bn/Bs the acceleration is almost exclusively along the current sheet.
The pitch angle distribution (Fig. 13) shows a clear anisotropy in the final state, i.e. there is a strong peak of the
distribution function at cos(θ) = 1 along with a depression in between 0 < cos(θ) < 0.9. This might be explained
by the fact that the electrons get accelerated by the component of the electric field parallel to the magnetic field,
E‖. Thus, they only gain momentum parallel to the magnetic field while the perpendicular component p⊥ remains
constant (just like in the homogeneous case). Consequently, the momentum vector is predominantly directed parallel
to the magnetic field. We would like to emphasize that such a pitch angle anisotropy is characteristic for the so-called
inverted V events detected by satellites below the main auroral acceleration regions26. Thus, our results corroborate
the current striation model for auroral acceleration in which the tearing instability plays a central role8.
Fig. 14 shows the initial and final pitch angle distribution for the most energetic particles of the first run with
Bn/Bs = 1 : 1. This plot clearly indicates that the pitch angles of the most energized particles depend on their
initial pitch angle as it is expected for a non stochastic acceleration process.
We emphasize that different from two-dimensional studies27 a significant fraction of the particles is not trapped in
the O-point regions and thus efficiently accelerated.
IIIb. RELATIVISTIC PARTICLE ACCELERATION
In this section we discuss simulations in a parameter range which is typical for the central regions of active galactic
nuclei. Such objects like quasars are accreting massive black holes surrounded by magnetized accretion disks from
which relativistic plasma jets emanate. They exhibit very rapid flares in almost all bands of the electromagnetic
spectrum, especially in the TeV-range28. The spectra are power laws, i.e. the radiation is of nonthermal origin, for
example synchrotron radiation and/or inverse Compton scattering. The time scales for some these flares are down
to 30 min. In other words, within that short time scale a significant number of particles has to be accelerated very
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efficiently to provide the observed radiation fluxes. Since we know that these objects contain differentially rotating
magnetized gas disks surrounded by magnetized coronae we think that magnetic reconnection may provide the
required fast particle acceleration29. As mentioned above the tearing mode is a generic configuration for reconnection,
thus we consider acceleration under circumstances typical for the central light year of an active galactic nucleus. We
note that our simulations do not consider an individual object or flare event but concentrate on the general mechanism
for energetization of relativistic particles in magnetized plasmas. Especially we do not consider the plasma at some
specific distance from the central black hole, rather we simulate the part of a plasma volume with a magnetic field
typical for the central 1018 cm above the magnetized accretion disk and close to the magnetized emanating jet.
Accordingly, the size of the computational box was chosen as (100× 40 × 120)× 1013 cm. The main component of
the magnetic field as well as the asymptotic shear component was scaled to Bn ≈ 0.1 Gauss, i.e. the ratio for all
relativistic runs was Bn/Bs = 1 : 1. The associated electric field reads Ex ≈ 10−3, Ey ≈ 10−2, and Ez ≈ 10−3 in
units of Bn.
We show results of three different runs. One run starts with a relativistic Maxwellian distribution (with kT/mc2 =
50) and in the other runs we use initial power law energy distributions for the injected electrons with Lorentz factors
ranging from 104 up to 2 · 106 and 102 up to 2 · 104, respectively. A power law distribution mimics a pre-accelerated
electron population in an active galactic nucleus.
In the considered high energy ranges (GeV to TeV) the losses due to synchrotron radiation and inverse Compton
scattering certainly play a role, thus the term
FRad ≈ 2
3
q4
m2c4
{
E ×B + 1
c
B × (B × v) + 1
c
E (E · v)
}
− 2
3
q4
m2c5
γ2v
{
16pi
3
UPh +
(
E +
1
c
v ×B
)2
− 1
c2
(E · v)
2
}
(10)
now becomes important for the motion of the electrons (see Eq.(8)). Expression (10) is an approximated form of
the damping force due to radiation given by Landau and Lifshitz30 which we used in our code. UPh denotes the
photon energy density, which has to be considered for inverse Compton scattering. For AGN coronae a typical value
is UPh ≈ 10−4 erg/cm3.
The resulting synchrotron spectra can be calculated as the sum of total power emitted by each individual electron.
The latter is given by31
P
(
ω
ωc
)
=
√
3
2pi
e3B
mc2
sin θ
ω
ωc
∫ ∞
ω
ωc
K 5
3
(ξ)dξ, (11)
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where ωc is the critical frequency, θ is the pitch angle and K 5
3
is the modified Bessel function.
Let us first discuss the case with an initial power law with an energy range from γ = 104− 2 · 106. The initial and
final energy spectra are presented in Fig. 15. Quite a large fraction of the electrons get decelerated below γ ∼ 104
whereas some reach energies up to γ ∼ 107. The deceleration of particles is caused by the electromagnetic forces
and associated radiation losses they experience along their trajectories. Different from the accelerated particles they
do not enter the inner reconnection region where the dominant electric field component is directed parallel to their
guiding center motion. Their enhanced perpendicular momentum gives rise to efficient radiative losses.
The distribution also shows this beam-like built-up of electrons at higher energies which was observed in the low
energy simulations. Unlike the non-relativistic simulations, here the electrons get somewhat decelerated after leaving
the reconnection region due to the radiation losses, but still have much higher energies in the end than before.
The deceleration of electrons is also visible in the radiation spectrum of the synchrotron emission since the initial
spectrum, or radiation power distribution, reaches up to higher frequencies than the final spectrum (Fig. 16). On
the other hand, the accelerated particles (γ > 106) have a very small pitch angle and therefore do not significantly
contribute to the synchrotron emission within our simulation volume. Interesting enough such an anisotropic particle
distribution is able to transport energy to regions far away from the acceleration site, since the particles do not lose
energy by synchrotron radiation. Such a behavior has been demanded by Ghisellini32 for the X-ray and gamma-ray
bursting blazars. There must be some energy transport mechanism which is dissipationless up to large distances
from the acceleration site, and the appearance of an anisotropic ultrahigh energy component would present such a
mechanism 33.
The selection which electrons are to be accelerated or decelerated is certainly due to a geometric effect, i.e. only
those electrons which have an appropriate initial position experience a strong acceleration. This is visible in Fig. 17-
21 in which the trajectories of these two classes of particles are presented. Obviously, only those electrons are most
efficiently accelerated which are injected very close to the quasi-separatrix layers. The separatrix-like projection onto
the x-y-plane does not necessarily indicate regions of different magnetic topology in the considered three-dimensional
configuration. The trajectories of accelerated and decelerated particles are somehow complementary to each other.
An interesting feature is the sickle-shaped form of the trajectories in the z-y-projection. It seems as if the reconnection
zone acts like a defocusing lens to the accelerated electrons. The decelerated electrons do not move along reconnecting
magnetic field lines that cross the initial neutral layer.
In the second run, initialized with an energy range from γ = 102− 2 · 104, the energy and synchrotron spectra are
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shown in Fig. 22 and 23. The pile-up at γ ∼ 8 · 106 is less pronounced, but still present. The radiation spectrum
clearly exhibits a broken power law. The low energy part of the power law is mainly due to the initially injected
particles, whereas the high energy part is caused by the accelerated particle population. The particle trajectories are
qualitatively similar to the previously discussed run. The same statement holds for the case of the initial relativistic
Maxwellian particle distribution. For this case also efficient acceleration occurs (Fig. 24, 25) but there is no pile-up
at high energies. The radiation exhibits a rather flat spectrum at higher energies. This is of particular interest in
the context of observations indicating flat nonthermal spectra of blazars34,35 like Mrk 421 and Mrk 501.
IV. DISCUSSION
Particle acceleration in magnetized collisionless plasmas is a central issue of high energy astrophysics and space
physics. A large number of observation in all bands of the electromagnetic spectrum demand for a fast and efficient
production of accelerated particles within magnetized plasmas which are agitated by unsaturated external forces
like differential rotation, jets, stellar winds and explosive events. Such forces twist, shear and stretch field lines
into configurations in which magnetic reconnection plays a dominant role either as relaxation mechanisms and/or as
acceleration process. The tearing instability is known to be a generic configuration in such reconnection sites.
Thus, we studied the acceleration of non-relativistic and relativistic electron populations in three-dimensional
tearing configurations. By means of test particle simulations performed within non-linearly evolved electromagnetic
fields modeled by MHD simulations we could show that particles are effectively accelerated. Our simulations include
nonthermal radiative losses like synchrotron radiation. Starting from a shifted Maxwellian distribution we carried
out test particle simulations for three different ratios of the magnitudes of the initial magnetic field components
parallel and perpendicular to the current sheet. For example, we have chosen physical parameters that are relevant
for auroral acceleration zones. Our findings are, however, of general interest for particle acceleration in reconnecting
current sheets. The degree of the pitch angle anisotropy of the accelerated particles depends on the strength of the
guiding magnetic field component along the current sheet. A significant fraction of the initially injected electrons
gains momentum. The level of energization is limited by the overall generalized electric potential U =
∫
dsE||.
The relativistic studies dealt with the fate of electrons that enter the reconnection region with a power law
distribution. Such a situation is characteristic for flares in active galactic nuclei. Some fraction of the pre-accelerated
particles is fast and efficiently energized in the three-dimensional tearing configuration. As in the runs that start
from a Maxwellian distribution a high-energy bump forms in the final distribution.
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Our simulations prove the capability of magnetic reconnection to energize an electron population of a magnetized
plasma under the influence of external electromagnetic fields onto which the accelerated leptons have no back reaction.
For example, close to a black hole the differential rotation of the surrounding accretion disk which shears magnetic
field lines is only determined by the mass of a central object but not influenced by the dissipation of magnetic energy
in small current sheets. In other words, the external forces which stretch, fold and twist the magnetic field lines act
on a much larger spatial scale than the size of the forming current sheets. This behavior is similar to what is known
from turbulent plasmas, in which the energy input on large spatial scales is finally dissipated on considerably smaller
length scales. Thus, the energy sources and energy sinks are completely disconnected from each other. Furthermore,
the enormous strength of such global forces like differential rotation substantiates our test particle approach, which
implicitly assumes no back reaction of the particles onto the electrodynamic structure of the plasma.
Our present studies do not include turbulent electromagnetic fields. Numerical studies of particle acceleration in
MHD turbulent reconnection regions seem to be a promising task for the future.
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FIGURE CAPTIONS
Figure 1: The magnetic field configuration that results from the MHD simulation after 180 Alfve´n times. The upper
plot shows magnetic field lines, the lower one shows an arrow plot of the x- and y-components of the magnetic field
at z = 30.
Figure 2: The electric field configuration after t = 180τA. The upper plot shows electric field lines, the lower one
shows an arrow plot of the y- and z-components of the electric field at x = 3.
Figure 3: The trajectories of all electrons of the first run (Bn/Bs = 1 : 1) as a projection on the y − z plane.
Figure 4: The trajectories of all electrons of the second run (Bn/Bs = 10 : 1) as a projection on the y − z plane.
Figure 5: The trajectories of all electrons of the third run (Bn/Bs = 100 : 1) as a projection on the y − z plane.
Figure 6: The spectrum of kinetic energy in the first run. The relative number frequency is plotted against the
kinetic energy in units of mc2. The dotted line represents the initial distribution while the normal line is the final
distribution.
Figure 7: The spectrum of kinetic energy in the second run.
Figure 8: The spectrum of kinetic energy in the third run.
Figure 9: The initial momentum plotted in the px − pz plane of phase space of the first run (Bn/Bs = 1 : 1).
Figure 10: The gain of momentum in z direction compared to that in x direction. For most of the accelerated
particles pz is only slightly higher than px.
Figure 11: The initial momentum plotted in the py − pz plane of phase space of the first run (Bn/Bs = 1 : 1).
Figure 12: The gain of momentum in z direction compared to that in y direction. There is no noticeable gain in y
direction.
Figure 13: The pitch angle distribution at the beginning (dotted line) and at the end (normal line) of the first
simulation (Bn/Bs = 1 : 1). The relative number frequency is plotted against cos(θ).
13
Figure 14: The pitch angle distribution of the electrons with the highest energy gain. These electrons already start
with very small pitch angles.
Figure 15: The energy spectrum of the first relativistic run. This simulation started with a power law (dotted line)
of N(γ − 1)dγ = (γ − 1)−2dγ. The final spectrum (normal line) shows a local maximum at (γ − 1 ∼ 8× 106).
Figure 16: The synchrotron spectrum of the first relativistic run.
Figure 17: The trajectories of the relativistic run as a projection on the y − z plane.
Figure 18: The trajectories of the accelerated electrons as projection on the y − z plane.
Figure 19: The trajectories of the decelerated electrons as projection on the y − z plane.
Figure 20: The trajectories of the accelerated electrons as projection on the x− y plane.
Figure 21: The trajectories of the decelerated electrons as projection on the x− y plane.
Figure 22: The energy spectrum of the second relativistic run. This simulation started with a power law (dotted
line) of N(γ − 1)dγ = (γ − 1)−2dγ. The final spectrum (normal line) shows a pile-up at (γ − 1 ∼ 8× 106).
Figure 23: The synchrotron spectrum of the second relativistic run.
Figure 24: The energy spectrum of the third relativistic run that started with a power law (dotted line) of N(γ −
1)dγ = (γ − 1)−2dγ.
Figure 25: The synchrotron spectrum of the third relativistic run.
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